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Abstract 
To investigate the mechanism of sugar accumulation i fruit vacuoles, a full length cDNA (CitVATP-A) encoding the 
vacuolar H+-ATPase 69-kDa catalytic subunit was isolated from a cDNA library constructed from citrus fruit (Citrus unshiu 
Marc.). A 2304-bp insert of CitVATP-A was coded for a 623 amino acid polypeptide with a predicted molecular mass of 
68.68 kDa. The deduced amino acid sequence for CitVATP-A showed a 96.5% homology with the carrot homologue. 
Genomic Southern blot analysis uggested that CitVATP-A is a low-copy number gene. Northern blot analysis of leaves and 
fruits during the developing stages howed that the level of expression is high in young leaves and is low in mature leaves, and 
that it increased in both the edible parts and the peel, during fruit growth and maturity. © 1998 Elsevier Science B,V. All 
rights reserved. 
Keywords: Vacuolar H+-ATPase catalytic subunit; Reverse transcription-polymerase chain reaction; Gene expression; 
Fruit development; (Citrus) 
In citrus fruit, one of the most important functions 
of the vacuole is sugar accumulation; sugar is syn- 
thesized as a photoassimilate in mature leaves 
(source), and is exported in the form of sucrose to 
accumulate in fruit tissues (sink), especially in va- 
cuoles. Following initial cell division, the fruit of 
most citrus species develops by sugar accumulation 
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in the vacuoles of individual ceils [1]. The mechanism 
of sugar accumulation is unclear, but transport of 
sucrose and glucose up a gradient into the vacuole 
is believed to require a proton driving force produced 
by two proton pumps, H + translocating ATPase and 
pyrophosphatase [2]. 
The vacuolar H+-ATPase (V-type ATPase) is a 
large, multimeric enzyme composed of a hydrophilic 
Vt complex on the cytosolic face of the tonoplast 
and a membrane-bound V0 complex. Two subunits 
(,-+ 69 and ~, 60 kDa) associated with the V1 com- 
plex and a ~+ 16-kDa proteolipid of the V0 complex 
have been identified as the three major subunits con- 
tained in all V-type ATPases [3]. From a typical sink 
organ, such as pear fruit, 10 different polypeptides 
were isolated to clarify the efficiency of allocating the 
assimilated products into fruit tissue [4]. 
0005-2736 / 98 / $ - see front matter © 1998 Elsevier Science B.V. All rights reserved. 
PII: S0005-2736(98)00 148-5 
266 Y. Takanokura et al. / Biochimica et Biophysica Acta 1414 (1998) 265-272 
The cDNA sequences of the catalytic subunit were 
reported for carrot plants [5], cotton [6] and Brassica 
napus [7]. The expression of this gene was in- 
vestigated to explain the tolerance mechanism to- 
ward salinity [8,9] and low temperatures [7,10]. Fur- 
thermore, when the expression of a tonoplast-specific 
H÷-ATPase 69-kDa catalytic subunit is inhibited by 
antisense mRNA, transgenic carrot plants show 
altered leaf morphologies resulting from defective 
cell expansion [11]. These results suggest hat the 
role of the catalytic subunit is related to cell expan- 
sion. 
The relation between the vacuolar H÷-ATPase ac- 
tivity of lemon fruit and the mechanism of hyper- 
acidification has been investigated [12]. However, 
few studies exist of the molecular analysis of the 
vacuolar H+-ATPase in Citrus. To better understand 
the role and regulation of vacuolar H÷-ATPase in 
citrus fruit, we isolated and analyzed the expression 
of the catalytic subunit gene in citrus during fruit 
growth and maturity. The results of our experiment 
suggest that the catalytic subunit gene in citrus fruit 
has an important role not only in cell growth of 
leaves, but also in fruit development. 
Citrus plants (Citrus unshiu Marc. cvs. Miyagawa 
wase and Okitsu wase) used in these experiments 
were collected from the farm of the National Insti- 
tute of Fruit Tree Science in Okitsu, Shizuoka, and 
from the farm of Meiji University, Kawasaki, Kana- 
gawa. The leaves and fruits were frozen immediately 
in liquid nitrogen and then were stored at -80°C 
until used. 
For reverse transcription-polymerase chain reac- 
tion (RT-PCR), first-strand cDNA was prepared 
from the fruit (juice sacs/segments epidermis) of C. 
unshiu Marc. cv. Miyagawa wase as described by 
Komatsu et al. [13]. The sense primer (5'-CCA 
AGT TTA CGA AGA AAC-3') and antisense prim- 
er (5'-CCA CAA CCA AAA GCA CC-3') were 
designed on the conservative regions of vacuolar 
H+-ATPase catalytic subunit genes from carrot and 
cotton. The PCR conditions were 94°C for 1 min, 
46°C for 1 min and 72°C for 2 min, for a total of 
30 cycles. The PCR products with the expected frag- 
ment length of 535 bp were cloned into the pCRII 
vector with a TA Cloning System Kit (Invitrogen). A 
candidate clone designated as pVATP-A was se- 
quenced using the primer walking method with a 
Taq Dye Terminator Cycle Sequencing Kit (Applied 
Biosystems Instrument) and a 373S DNA sequencer. 
It had a 84.4% homology to the carrot catalytic 
subunit cDNA [5], and the 178 deduced amino 
acids showed a 96.0% homology with that of the 
carrot catalytic subunit. Therefore, pVATP-A was 
confirmed as an amplified fragment from the 
vacuolar H÷-ATPase catalytic subunit gene of cit- 
rus. 
The cDNA library in ~,-ZAPII derived from fruit 
poly(A) ÷ RNA was screened using pVATP-A as the 
probe. The cDNA prepared from fruits (juice sacs/ 
segments epidermis) of 124 days after flowering 
(DAF) was ligated and packaged as described by 
Komatsu et al. [13]. The phages were amplified in 
the E. coli XL-1-Blue MRF' strain. Approximately 
1 × 105 pfu of the fruit cDNA library were screened 
by the ECL direct nucleic acid labelling and detec- 
tion system (Amersham). The membranes were 
washed twice for 20 min in 6 M urea, 0.1 × SSC 
and 0.1% SDS at 42°C. Among the 1×105 pfu, 
one cDNA clone was screened and designated as 
CitVATP-A, the full length of which was 2304 bp 
with the translation start site (ATG) at nucleotide 
45 and the stop codon (TGA) at nucleotide 1914 
(Fig. 1), and was coded for a 623 amino acid poly- 
peptide with a predicted molecular mass of 68.68 
kDa. The polyadenylation signal (AATAAA) was 
located between ucleotides 2296 and 2301. The Cit- 
VATP-A showed a 83.9% homology with carrot 
cDNA in the open reading frame. Fig. 2 shows the 
amino acid sequences of 18 species within eukar- 
yotes; the sequence identities to other polypeptides 
are shown ranging from 68.0 to 69.6% for mammals 
(5 species), from 67.3 to 67.4% for insects (2 species), 
from 61.4 to 65.1% for fungi (3 species), and from 
60.6 to 68.8% for protozoans (2 species). Within the 
plant kingdom, it showed 73.3-74.9% of homologies 
for algae (2 species) and 82.9-94.2% for higher plants 
(4 species). The ATP-binding site motif 
(GAFGCGKTV) [14] between amino acid residues 
251 and 260 of CitVATP-A was completely con- 
served (Fig. 2, Box A). The Mg2+-binding region of 
the 13 subunit of FlF0-ATPase (VYVGCGER), the 
region conserved in both a and 13 subunit of F1F0- 
ATPase (TGITIAEYFRD), and the ~ and 13 subunit 
signatures (PSVNWLISYS) were also conserved in 
vacuolar H+-ATPase catalytic subunit of higher 
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ATCAACTCTTAACAAATCCGCTGTCGGTTTGCTGAATTGAGAAAATGCCGTCAGTTTA~GGAGCT~GATT~CCA~C~C~~GC~GTACG~TATG~CG~ iZ~ 
M P S V Y G A R L T T F E D E E K E 5 E Y G Y V R K 
AG GTAT CAG GACCAGTGGTCATT GCAGAT G GCAT GAAT GGC G CT GCTATGTATGAATTAGT CC GTGTTGGACAT GACAATFT GATTGGTGAAAT CATT CGATTGGAAGGAGATT CT GCTA 24@ 
V S G P V V I A D G M N G A A M Y E L V R V G H D N L I G E I I R L E G D S A T 
CAATCCAAGTTTATGAAGAAACTGCTGGCTTGATGGTGAATGATCCTGTTCTACGAACACACAAGCCTCTCTCGGTGGAGCTAGGA•CAGGAATATTGGGAAATAT I I / I  GATGGAATTC 36@ 
I Q V Y E E T A G L M V N D P V L R T H K P L S V E L G P G I L G N I F D G I Q 
AGAG GCCTTTGAAAACCATT GCAATAAGAT CCG GT GAT GTGTATAT C CCT C GT GGC GTAT CT GT C C CAG C C CTTGATAAAGATACACTTT G GGAATTT CAGCCTAAAAAAATAGGT GAGG 480 
R P L K T I A I R S G D V Y I P R G V S V P A L D K D T L W E F Q P K K I G E G 
GAGATCTTCTAACTGGTGGAGACTTATACGCTACTGTCTTTGAGAACAGTCTTATGCAGCACCATGTTGCTCTTCCTCCTGATGCCATGGGAAAAGTCACATACGTTGCACCTGCTGGTC 6Be 
D L L T G G D L Y A T V F E N S L M Q H H V A L P P D A M G K V T Y V A P A G Q 
AATATTCTCTAAAGGATACTGTGTTAGAGCTTGAGTTTCAAGGTGTCAAAAAGAGCTTTACTATGCTTCAAGCTTGGCCTGTACGTACCCCAAGGCCTGTTTCATCAA GCTTGCTGCTG 7ZB 
Y S L K D T V L E L E F Q G V K K S F T M L Q A W P V R T P R P V S S K L A A D 
ATACTCCACTGCTTACAGGACAGCGTGTTCTTGATGCCCTTTTCCCTTCAGTTCTTGGTGGGACTTGTGCTATTCCTGGAGCATTTGGTTGTGGCAAAACTGTTATTAGTCAAGCTCTCT 840 
T P L L T G Q R V L D A L F P S V L G G T C A I P ~ A F G C G K T V I S Q A L S 
CTAAGTACTCCAATTCTGATACT GTTGTTTATGTTGGTTGTGGGGAGCGAGGAAATGAAATGGCAGAGGTGCTTATGGATTTT CCT CAATTGACAATGACATTGCa~T GGCC~G 960 
K Y S N S D T V V Y V G C G E R G N E M A E V L M D F P Q L T M T L P D G R E E 
AATCTGTCATGAAGCGTACAACACTTGTGGCCAACACTTCTAACATGCCTGTGGCTGCTCGTGAGGCTTCGATTTATACAGGAATCACCATAGCTGAATATTTCAGAGATATGGGGTACA 1@8~ 
S V M K R T T L V A N T S N M P V A A R E A S I Y T G I T I A E Y F R D M G Y N 
ATGTTAGCATGATGGCAGATTCAACTTCTCGTTGGGCAGAAGCGTTGCGTGAAATTTCAGGACGGCTGGCAGAAATGCCTGCAGATAGTGGATATCCTGCTTACCTGGCTGCACGTTTGG 12~ 
V S M M A D S T S R W A E A L R E I S G R L A E M P A D S G Y P A Y L A A R L A 
CCTCAI ~IIATGAACGTGCTGGGAAAGTTAAATGTCTTGGTGGACCAGAACGTACTGGTAGTGTCACAATTGTTGGTGCAGTTTCTCCTCCTGGAGGA~CA~TC~T 1320 
S F Y E R A G K V K C L G G P E R T G S V T I V G A V S P P G G D F S D P V T S 
CTGCCACCCTCAGCATTGTGCAGGTCTTCTGGGGTCTGGATAAGAAACTTGCGCAGAGAAAGCATTTTCCTTCTGTAAACTGGCTTATTTCTTACTCGAAGTATTCAACAGCATTAGAGT 1449 
A T L S I V Q V F W G L D K K L A Q R K H F P S V N W L I S Y S K Y S T A L E S 
CTTT CTAT GAGCAATTT GAT C C G GATTTTATTAACAT CA GGACAAAGGCTAGAGA GGTGCTGCAGAGAGAAGATGAC CT GAAT GAAATT GT GCAACTT GT CGGAAAGGAT G CTTT GGCTG 156e 
F Y E Q F D P D F I N I R T K A R E V L Q R E D D L N E I V Q L V G K D A L A E 
AAGGAGATAAGATTACGCTAGAGACT GCTAAGCTTTTGAGGGAGGACTAT CTT GCTCAGAAC GCATTTACTCCATAT GACAAGTT CTGCC CTTTCTACAAGT CT GTTT G GATGAT G CGTA 168@ 
G D K I T L E T A K L L R E D Y L A Q N A F T P Y D K F C P F Y K S V W M M R N 
ACATTAT C CATTTCTATAACTTGG CCAAT CAGGC CGTAGAGAAAGGAG CT GGTAT GGAT GGT CAGAAGATAACTTACAC C CTTAT CAAGCATCGGCT G GGAGAT CTATTTTACAGATTAG 18~ 
I I H F Y N L A N Q A V E K G A G M D G Q K I T Y T L I K H R L G D L F Y R L V 
TATCACAGAAGTTTGAGGACCCAGCAGAAGGAGAACCAGCTCTGGTTGCTAAATTCAAAAAGCTGCACGAGGATCTGACCGCTGGTTTCCGCGCCCTCGAGGATGAAACTCGATGATTGA 192B 
S Q K F E D P A E G E P A L V A K F K K L H E 0 L T A G F R A L E D E T R • 
AAGTGTCAAGTTAGATTCTTTGTAGTCCCAGCGGCACCTCTGATCTTACGGTAACAACAGTTGGCTTCTCAATGTTCCATTGAATGGAGAACCAAAATGTTGGTGGGTCCATGTTATGCC Z~B 
ACTTTGCAGTGCTTGTTTGGCCTTCTAGTTGCAGTGTGGTAAATTTGATTCTATTATGTATI~T/I GTTCTTCCTGTCGTTCCCTCAATTCCTTTTTTTGACTAGTGATCAAAAGTTCG Z160 
AAGTCCAATCCTTATTTATGTATTTATGCAATAAGTGTGTGTATTGAi 1 [~GTTAAATGGCTTAGGAAAAACTGATGTCC~ I I'|TGTTCTCGTTCTCATTCTCGTTCGCACTCTACGCT ZZ80 
TTCTCCCCAATGGTTAATAAAGcA Z304 
Fig. 1. Nucleotide and deduced amino acid sequences of the CitATP-A encoding the vacuolar H÷-ATPase 69-kDa catalytic subunit 
from Citrus unshiu Marc. The ATP-binding site motif is underlined, educed polyadenylation signal in bold. The numbers on the right 
correspond to the nucleotide sequence. 
plants (Fig. 2, Box B, C and D). Thus, citrus H +- 
ATPase showed a high conservation of the vacuolar 
H+-ATPase catalytic subunit gene. 
The sequence analysis of the catalytic subunit gene 
and its characteristic in the genome have been ana- 
lyzed to determine its evolution. In a study of the 
copy number of the genome, Starke and Gogarten 
[15] found that land plants contain two catalytic sub- 
unit genes, from the direct sequencing of two discrete 
PCR products. Each sequence would comprise a 
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Fig. 2. Comparison of the deduced amino acid sequence encoded by CitVATP-A with sequences from cotton 91.0% (L03186), brassica 
91.0% (U15604), carrot 94.2% (J03769), beet 82.9% (X98767), Acetabularia cetabulum 74.9% (D50528), Cyanidium caldarium 73.3% 
(U17100), human 68.0% (L09234), cow 68.7% (X58386), pig 69.6% (X62338), mouse 69.3% (U13837), chicken 69.0% (U22077), fruit 
fly 67.3% (U19742), tobacco hornworm 67.4% ($21107), Dictyostelium discoideurn 65.1% (U49169), Saccharomyces pornbe 62.3% 
OC68580), Neurospora crassa 61.4% (J03955), Trypanosorna congolense 68.8% (Z25814) and Plasmodium falciparum 60.6% (L08200). 
The ATP-binding site motif is shown in box A, the Mg2+-binding region of the 13 subunit of FIF0-ATPase is shown in box B, the re- 
gion conserved in both the ~c and 13 subunit of FiF0-ATPase is shown in box C, and the ~ and 13 subunit signatures are shown in 
box D. The vacuolar H+-ATPase catalytic subunit from higher plants is shown above the line. 
gene family; a superfamily composed of  two gene 
families has been reported for cotton [16]. 
In this study, Southern blot analysis of genomic 
DNA was made to estimate the number  of vacuolar 
H+-ATPase catalytic subunit genes in the citrus ge- 
nome. Total  DNA was isolated f rom mature leaves 
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Fig. 3. Southern blot analysis of total DNA of C. unshiu sing 
pATP-A as a probe. Blots were washed in high stringency: 
68°C, 0.1xSSC (A) and in more moderate stringency: 50°C, 
1 × SSC (B). 
of C. unshiu using the method of Dellaporta et al. 
[17], Fifteen ~tg of total DNA was digested with 
BamHI, DraI, EcoRI, HindIII and XbaI, electro- 
phoresed on 0.8% agarose gels, and was blotted 
onto a nylon membrane (Hybond N, Amersham). 
The membranes were hybridized using a pVATP-A 
insert labeled with Dig- l l -dUTP and a random 
primer DNA labeling kit (Boehringer Mannheim). 
From one to three bands were detected in BamHI, 
DraI, EcoRI, HindIII and XbaI digests when the 
blots were washed under high stringency conditions 
of 68°C, 0.1 x SSC (Fig. 3A). Almost identical results 
were obtained with more moderate stringency condi- 
tions of 50°C, 1 x SSC with DraI, EcoRI and HindIII 
(Fig. 3B). However, some additional weak bands ap- 
peared. Therefore, these fragment patterns suggest 
that the vacuolar H+-ATPase catalytic subunit gene 
is organized as a low-copy number with a somewhat 
low identity with the citrus genome. 
We investigated the expression of the vacuolar H ÷- 
ATPase catalytic subunit gene using Northern blot 
analysis. Total RNA was isolated from the leaves 
and fruits of C. unshiu, cv. Okitsu wase. Leaves at 
different stages of development, 2.5, 4-5, 6, 7-8 and 
10 cm long, were collected as samples. Fruits were 
harvested at 89, 120, 148, 187, 223 and 297 DAF and 
were divided into two tissues, juice sacs/segments ep- 
idermis (edible parts) and albedo/flavedo (peel). Five 
~tg of total RNA were electrophoresed on 1.0% agar- 
ose gels containing formaldehyde and were blotted 
onto nylon membranes (Hybond N, Amersham). Hy- 
bridization was carried out using the same proce- 
dures as for Southern blot analysis, except for strin- 
gent washing conditions of 0.2 X SSC and 0.1% SDS 
at 65°C. 
In all samples of this study, a single band with 
approximately 2.5-kb transcript was observed as 
the expected transcription size (Figs. 4 and 5). 
From the results of Southern blot analysis and the 
size of transcripts, these single bands derived from 
pATP-A or other vacuolar H+-ATPase catalytic sub- 
unit genes. The transcription levels were high in the 
youngest leaves (2.5 cm long) and low in the other 
leaves (4-5, 6, 7-8, 10 cm long) (Fig. 4). The tran- 
scription levels of the fruit increased in the juice sacs/ 
segments epidermis (Fig. 5A) and in the albedo/fla- 
vedo peel (Fig. 5B) until fruit maturity (DAF 
89-223), but decreased only after harvest time 
(DAF 297) in the juice sacs/segments epidermis 
(Fig. 5A). 
The increase in the mRNA levels by Northern blot 
analysis may be strongly related to cell expansion 
Leaf 
CitVATP-A-  
j 
Fig. 4. Northern blot analysis of transcript levels for vacuolar 
H+-ATPase catalytic subunit during leaf expansion. Total RNA 
was isolated from leaves of 2.5, 4,-' 5, 6.0, 7,,,8 and 10 cm 
long. Five-microgram samples of total RNA were fractionated 
by electrophoresis on 1.0% agarose gel including 2.2 M form- 
amide and transferred to Hybond-N membrane. In the lower 
panel, total RNA on the gel was stained with ethidium bro- 
mide. 
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(A) Juice sacs and segment epidermis 
CitVATP-A- 
(B) Aibedo and flavedo peel 
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Fig. 5. Northern blot analysis of transcript levels for vacuolar 
H÷-ATPase catalytic subunit during fruit expansion. Total 
RNA was isolated from edible parts (juice sacs/segment epider- 
mis) of 89, 120, 148, 187, 223 and 297 DAF (A), and peel parts 
(albedo/flavedo) f 89, 120, 148,187 and 223 DAF (B). Five-mi- 
crogram samples of total RNA were fractionated by electropho- 
resis on 1.0% agarose gel including 2.2 M formamide and trans- 
ferred to Hybond-N membrane. In the lower panel, total RNA 
on the gel was stained with ethidium bromide. 
and sugar accumulation. When the expression of a 
tonoplast-specific H+-ATPase 69-kDa catalytic sub- 
unit is inhibited by antisense mRNA, transgenic car- 
rot plants show altered leaf morphologies resulting 
from defective cell expansion [l 1]. The constituent 
levels of accumulation mRNA for the 70-kDa sub- 
unit in unexpanded tomato leaves are much higher 
than those in expanded leaves [9]. In citrus, Northern 
blot analysis in this study of leaves at various stages 
of development agreed with these previous reports. 
The fact that the expression level of the youngest 
leaves is higher than at any other stage is interesting, 
so further investigation is needed to clarify the rela- 
tionship between cell expansion and the H+-ATPase 
catalytic subunit gene. However, the relative levels of 
immunoblotting with antibodies against wo major 
subunits (68 and 57 kDa) of the vacuolar H+-AT -
Pase do not change during the growth of radish root 
[181. 
Our results of Northern blot analysis in fruits were 
different from the results in leaves. The levels of 
mRNA were high in expanded fruits and low in un- 
expanded fruits. Thus, we believe that other factors 
have a role in gene expression, including sugar accu- 
mulation. The fruit growth of this cultivar (cv. Okit- 
su wase) is almost completed by late September, cor- 
responding to 120 DAF. The fruits then accumulate 
sugar. The sugar content of fruits, both juice sacs/ 
segments epidermis and albedo/flavedo, increased 
rapidly, reaching a maximum in late December, cor- 
responding to 223 DAF (data not shown). This 
change in sugar content correlated with an increase 
in catalytic subunit mRNA. Vacuolar H+-ATPase 
catalytic subunit mRNA with salt stress increases 
in mature leaves that have accumulated salt in the 
vacuoles [8,9]. Therefore, we believe that the increase 
in this mRNA at fruit maturity may be involved in 
the function of sugar accumulation asa sink organ. 
Furthermore, such a high mRNA level in the young- 
est leaves may indicate the initial function of the 
leaves as the sink. 
This is the first report on the isolation, character- 
ization of the genomic organization and the tran- 
scription of catalytic subunit of vacuolar H+-ATPase 
in fruit trees in relation to the vacuolar function of 
sugar accumulation, but the roles of vacuolar H +- 
ATPase cannot be explained only by the investiga- 
tion of catalytic subunit genes. More detailed inves- 
tigations, such as by using Western blot analysis, 
measurement of enzymatic activity and analysis of 
other subunit genes [19], should make these roles 
clear during the sugar accumulation i citrus fruit. 
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